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Structures and physiological functions of silica bodies in the epidermis of rice plants
We characterized silica structures in the epidermis of rice plant leaves and investigated their physiological functions from optical and mechanical viewpoints. By treating the distribution of silica bodies as a triangular lattice in the xy plane, and performing a theoretical optical analysis on this lattice, we discovered that a reduction in the photonic density of states may inhibit leaves of rice plant from being heated markedly higher than 20°C. Ladderlike structures in the epidermis were mechanically investigated. These structures are conjectured to inhibit flat leaves from undergoing twisting torsions, which may assist the leaf to absorb sunlight more effectively for photosynthesis. © 2009 American Institute of Physics. ͓doi:10.1063/1.3232204͔
Biomineralization is a naturally occurring process by which living organisms form skeletons from inorganic minerals such as silica and calcium. Structures made from biosilica are constructed either on cell surfaces or within unicellular organisms ͑e.g., diatoms 1 and radiolaria͒ and certain cells in multicellular sponges 2 and plants. 3, 4 These structures have been found to exhibit physiological functions in addition to maintaining the cell shape. For example, diatom frustules enable diatoms to withstand high pressures 5 and their intricate nanostructures were found to play a role in regulating light absorption, functioning like photonic crystals by reducing excessive levels of blue light and thereby enhancing photosynthesis. 6 Some species of the grass Oryzae, including Oryza sativa, are well known as silicon-accumulating plants that produce rice. Silica has been reported to benefit rice plants by increasing their resistance to certain micro-organisms. 7 It has been speculated that silica structures provide support for the leaf. Thus, we decided to analyze the functions of silica structures in rice plants by utilizing recent developments in nanotechnology. In rice plants, various arrangements of silica bodies are found in the epidermis. These arrangements are fundamentally similar, although they do exhibit minor variations among the various species of Oryza. 8 Leaves of a rice plant ͑Oryza sativa L., cv. Hinohikari͒ were harvested at various stages of cultivation ͑i.e., from saplings, mature plants, and harvestable plants͒ from paddy fields in Osaka, Japan. We focused our investigation on silica bodies and ladderlike silica structures on the assumption that the former structures are related to light absorption whereas the latter affect the mechanical properties.
In field-emission scanning electron microscopy observations ͑SEM͒ ͑S-5000, Hitachi͒, various structures were identified in the leaves, including cubic bodies, ladderlike structures, trichomes ͑fine outgrowths or appendages on plants͒, and stomas ͑Fig. 1͒. Essentially identical structures were found on both sides of the leaves, regardless of the stage of cultivation. Energy-dispersive x-ray analysis ͑Emax Energy, Horiba͒ revealed cubic silica bodies 9 and ladderlike structures, as well as other silicon-containing structures, indicating the presence of silica.
Although the silica bodies seen in Fig. 1 appear to be randomly distributed in the epidermis of the rice plant, the distance between adjacent bodies is almost constant. For simplicity, we consider that they occupy a two-dimensional ͑2D͒ triangular lattice in the xy plane of the epidermis. From  Fig. 1 , we estimated that the average lattice constant is a = 5.6 m, radius of the grains is R =1 m, and refractive index of the grains is n = 1.46. The ambient gas is air.
a͒ Author to whom correspondence should be addressed. Electronic mail: syamana@ytv.home.ne.jp. FIG. 1 . SEM image of epidermal region of a rice plant leaf. There are two kinds of silica bodies observed: small scattered bodies and bodies sandwiched between two walls. The latter resemble ladders ͑hence, they are referred to as ladderlike structures͒.
The photonic band structure of the 2D triangular-lattice photonic crystal is shown in Fig. 2͑a͒ . The vertical and horizontal axes indicate the angular frequency and the wave vector, respectively. The solid and dashed lines represent the transverse electric ͑TE͒ and transverse magnetic ͑TM͒ modes, respectively. In the TE and TM modes, the electric fields are parallel and perpendicular to the xy plane, respectively. The hexagonal inset indicates the first Brillouin zone of the 2D triangular lattice, and the points ⌫, M, and K are symmetry points within this zone. For example, the ⌫-M direction signifies that light propagates in one of the six directions between ͑Ϯ ͱ 3 / 2, Ϯ 1 / 2͒ and ͑0, Ϯ 1͒ in the xy plane. Similarly, the ⌫-K direction implies that light propagates in one of the six directions between ͑Ϯ1 / 2, Ϯ ͱ 3 / 2͒ and ͑Ϯ1,0͒. As shown in Fig. 2͑a͒ , in the frequency region 0.5Յ a / 2c Յ 0.6, there are photonic bandgaps in certain light propagation directions ͑pseudophotonic bandgaps͒.
To confirm the efficiency of the pseudophotonic bandgaps, we investigated the photonic density of states ͑DOS͒. The DOS is the number of states at each frequency level and it is defined by
where n is the photonic band number, k is the wave vector, v is the volume of the unit cell, and d͑=2͒ is its dimension. The photonic DOS for both the TE and TM modes are shown in Fig. 2͑b͒ , and can be seen to decrease dramatically at a / 2c = 0.568 ͑indicated by the dashed line͒. This frequency corresponds to a wavelength of = 9.86 m ͑since a / 2c = a / ͒. Absorption of electromagnetic waves strongly depends on the photonic DOS. In other words, we expect to find a reduction in the absorption of electromagnetic radiation in rice plants at = 9.86 m. Infrared radiation with a wavelength of 10 m corresponds to the peak of a black body curve at a temperature of 20°C. Therefore, this reduction in the photonic DOS at = 9.86 m may inhibit leaves of rice plants from being heated markedly higher than 20°C. Experiments on creeping bentgrass leaves revealed that biosilicified tissue in epidermal cells reduces the temperature of the leaves via emission of mid-infrared radiation. 10 Although these results are similar to the results of the theoretical optical analysis, the optical mechanism has yet to be clarified.
Next, we analyzed the function of the ladderlike silica structures shown in Fig. 1 . One possibility is that they cause mechanical strengthening of the thin leaf. With this in mind, the flexural rigidity of such structures was evaluated by structural analysis ͑ANSYS͒ based on the finite element method.
The deformation diagram obtained when a forced displacement of 1 m was applied in the plane of the leaf is shown in Fig. 3 . The reaction force was calculated to be approximately 94 N. Likewise, the deformation diagram was obtained when a forced displacement of 1 m was applied perpendicular to the plane of a leaf. In this case, the reaction force was calculated to be approximately 1.4 N. Thus, the flexural rigidity is about 70 times higher in the plane of the leaf than perpendicular to it. This suggests that the ladderlike structures inhibit the flat leaf from undergoing twisting torsions, which may assist the leaf to absorb sunlight more effectively. It should also be mentioned that from the above analysis, the flexural rigidity perpendicular to the plane of the leaf was found to increase with increasing silica content. 
